Introduction
============

Multiple sclerosis (MS) is a chronic, neuroinflammatory disease characterized by immune-cell mediated white matter damage in the central nervous system (CNS) \[[@b1]\]. Myelin reactive Th~1~-cells transmigrate across the blood brain barrier into the CNS. These Th~1~-cells promote neuroinflammation by the sustained production of cytokines such as interleukins (IL), tumour necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) \[[@b2], [@b3]\]. The consequent myelin damage results in a variety of disease-induced symptoms including: fatigue, cognitive dysfunction and sensory abnormalities \[[@b1], [@b4]\].

Current early MS treatments are directed at inflammation and neuroprotection \[[@b1], [@b5]\]. However, the exact inflammatory mechanisms that underlie the disease are largely unknown. Studies show that changes in neurotrophins and/or their receptors play a critical role in neuroimmune modulation \[[@b6], [@b7]\]. One candidate neurotrophin in MS-associated inflammation is brain-derived neurotrophic factor (BDNF) \[[@b6]-[@b9]\]. BDNF is a potent mitogen for neurons during CNS development \[[@b10]-[@b12]\], and an important regulator of neuronal maturation and protection \[[@b8], [@b13]\]. Studies have shown an association of BDNF production by immune cells and disease activity, in addition higher BDNF serum levels were observed during relapse in contrast to those seen during the stable phase of the disease \[[@b6], [@b8]-[@b19]\]. However, the exact role for BDNF in MS is still unknown.

We have previously shown that the dorsal root ganglia (DRG) is a pivotal reservoir of the inflammatory cytokine TNF-α in the early inflammatory stage of experimental autoimmune encephalomyelitis (EAE) \[[@b20]\]. We hypothesized that BDNF expression is increased within the DRG in the early stages of inflammation associated with the development of EAE, and that this BDNF is anterogradely transported from the DRG to the dorsal horn of the spinal cord.

This study is the first published study showing evidence that BDNF levels are increased in the DRG and spinal cord of rats induced to a state of EAE in accordance with our model of disease induction \[[@b20]\]. Further, we show that BDNF protein is anterogradely transported from the DRG to the dorsal root entry zone, *via* kinesin-mediated active transport. Our study provides novel information relating to the mechanisms underlying the efficacy of current immunomodulatory therapies used to ameliorate MS symptoms. In addition, we show a previously unrecognized mechanism of BDNF transport into the spinal cord after immune induction.

Materials and methods
=====================

Experimental autoimmune encephalomyelitis model
-----------------------------------------------

Experimental autoimmune encephalomyelitis (EAE) was induced using MBP, in adolescent female Lewis rats (Charles River, Montreal, Quebec, Canada) as previously described \[[@b20]\]. Adolescent female Lewis rats were randomly assigned to three experimental groups: naïve control (NC), active control (AC) and active EAE (EAE). For each group there were five time points for killing at 3, 6, 9, 12 and 15 days post-induction (dpi). All animal experiments were conducted according to protocols approved by the University of Manitoba Animal Protocol Management and Review Committee, in full compliance with the Canadian Council on Animal Care.

Tissue harvesting and sectioning
--------------------------------

For immunohistochemical (IHC) analysis of protein expression, animals were perfusion fixed with 4% paraformaldehyde as previously described \[[@b20]\]. Spinal columns were dissected free of overlying muscle and connective tissue, and decalcified according to previously described protocols \[[@b21]\]. For gene expression analysis, the DRG and spinal cord were harvested as previously described \[[@b20]\]. Tissue was stored in RNAlater stabilization reagent (cat. no. 76106; Qiagen, Washington, DC, USA) until processed. Total RNA, DNA and proteins were isolated as previously described \[[@b22]\].

Western blot
------------

Protein concentration for each sample was assessed using the Bradford protein assay \[[@b23]\]. For each sample, 30 μg total protein was analysed by Western blot as previously described \[[@b20]\]. Anti-BDNF antibody (1:500; R&D systems Inc., Minneapolis, MN, USA) was used to detect BDNF protein. Following incubation with anti-rabbit secondary antibody (1:10,000; Jackson ImmunoResearch, West Grove, PA, USA), immunoreactivity was detected by chemiluminescence (Alpha Innotech, Santa Clara, CA, USA).

Immunohistochemistry
--------------------

Qualitative immunofluorescent analysis of cryostat sections was conducted to detect the protein expression of BDNF according to previously described methods \[[@b20], [@b22]\]. Double-labelled immunofluorescence using monoclonal antibodies against the neuronal markers NF-160 (1:40; Invitrogen, Burlington, Ontario, Canada) or NeuN (1:1000; Chemicon, Billerica, MA, USA) were conducted in conjunction with the polyclonal antibody for BDNF \[polyclonal chicken anti-BDNF antibody (1:100; R&D systems Inc.)\]. This antibody detects the mature form of BDNF, at 14 kD, that acts *via* the TrkB receptor to exert its biological effect in the tissue being assessed \[[@b24]\]. Brain-derived neurotrophic factor and NeuN were identified using chicken anti-BDNF antibody, and mouse monoclonal NeuN antibody \[[@b22]\]. Secondary antibodies were biotinylated ∝-chicken IgY (1:100; R&D Systems Inc.) and goat anti-mouse FITC (1:50; Jackson ImmunoResearch), Streptavidin-Alexa Fluor 568 (TRITC/Texas red, 1:500; Molecular Probes/Invitrogen, Burlington, Ontario, Canada). The slides were imaged using an Olympus BX51 configured with FV5000 Confocal laser scanning capability; images were captured in Fluoview Version 4.3. Cell diameter measurements and pseudocoloring were performed using Image Pro Express software (Media Cybernetics, Bethesda, MD, USA). Image sizing, black background balancing and final collation for publication were performed using Adobe Creative Suite 2 v9.0.2 (Adobe Systems Inc., San Jose, CA, USA). No image manipulations were performed other than those described.

Reverse transcription polymerase chain reaction (RT-PCR) and real time PCR
--------------------------------------------------------------------------

Real time RT-PCR was conducted on tissue samples as previously described \[[@b20], [@b22]\]. The PCR reaction was performed using a Light-Cycler-DNA master SYBR green 1 kit following manufacturers protocols (Roche, Indianapolis, IN, USA). Brain-derived neurotrophic factor primers were: forward: 5′-TTC TTG TGC AGT GCC AGC CTC GTC-3; reverse; 5′-GCC GTT GAA CTT GCC GTG GGT AGA-3′ and annealing temperature at 54°C. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) results were analysed using one-way analysis of variance (ANOVA) followed by Tukey's *post-hoc* comparisons. Statistical significance was confirmed using two-tailed Student's *t*-test. The model detected differences between main effect day and group values; and the interaction effect day × group values, which were considered significant at *P* \< 0.05. Normality and homogeneity of error variance of dependent variable were tested by using Kolmogorov--Simirnov and Levene's test.

Enzyme-linked immunosorbent assay
---------------------------------

Total protein was extracted from the samples as described above, and total protein concentration assessed using the Bradford assay \[[@b23]\]. The protein concentrations of the samples were adjusted to 30 μg in the sample volume of 100 μl. Sandwich-style ELISA was performed using the BDNF E~max~® ImmunoAssay System (Promega, Madison, WI, USA) according to the manufacturer's instructions \[[@b25]\]. Brain-derived neurotrophic factor content was interpolated from standard curve runs for each plate (linear range of 7.8--500). For a given DRG and spinal cord segment, samples from the groups of AC and EAE and the naïve control rats were determined in a single run. Each sample was assayed in three separate ELISA assays, with three replicates per sample per ELISA.

Statistical analysis
--------------------

Statistics was performed using GraphPad Prism version 4.03 for Windows, GraphPad Software, San Diego, CA, USA, [www.graphpad.com](http://www.graphpad.com). Statistical analysis was performed using ANOVA with Tukey's Multiple Comparison *post-hoc* test. Student's *t-*test was used to assess significance of differences between the groups.

Results
=======

Neurological disability scores
------------------------------

All animals in the EAE groups were assessed for neurological disability according to a previously described global neurological disability assessment tool \[[@b20]\]. Prior to day 6 post-EAE induction (6 dpi), none of the animals displayed clinical neurological deficits thereby scoring zero. However, by 9 dpi all animals started to display clinical signs of neurological disability (mean 0.57 ± 0.45). Neurological disability progressively worsened upon daily assessment until 12 dpi (peak disability; mean 6.42 ± 5.35), then subsided by 15 dpi (mean 1.5 ± 1.41) as the animals entered the remission phase of disease induction, well characterized for this animal model \[[@b26]\] ([Fig. 1](#fig01){ref-type="fig"}).

![Neurological disability score for EAE animals induced to a state of MS. Disability scores range from a mean clinical disability score of 0 (no disability) to 15 (maximum disability). The bell shaped distribution outlining peak neurological disability in response to EAE induction occurred at day 12 post-EAE induction. Neurological disability is scored according to the following criteria: Tail: 0 = normal; 1 = partially paralysed, weakness; 2 = completely paralysed, limp. Bladder: 0 = normal; 1 = incontinence. Right hind limb: 0 = normal; 1 = weakness; 2 = dragging with partial paralysis; 3 = complete paralysis. Left hind limb: 0 = normal; 1 = weakness; 2 = dragging with partial paralysis; 3 = complete paralysis. Right forelimb: 0 = normal; 1 = weakness; 2 = dragging, not able to support weight; 3 = complete paralysis. Left forelimb: 0 = normal; 1 = weakness; 2 = dragging, not able to support weight; 3 = complete paralysis.](jcmm0016-1856-f1){#fig01}

Immunohistochemical analysis of BDNF protein expression in DRG
--------------------------------------------------------------

Comparative IHC analysis of EAE *versus* AC animals killed at 6, 9, 12 and 15 dpi, revealed markedly increased BDNF immunoreactivity in the EAE animals at 6 dpi through 15 dpi relative to that seen in the AC group at the same experimental time points and/or the NC group ([Fig. 2A](#fig02){ref-type="fig"}). Judging by easily detectable sensory neuron morphological criteria, and NeuN double labelling, the increased signal intensity for cytoplasmic BDNF appears to be localized to the sensory neuron population of the DRG. In addition, the satellite cells within the DRG were immunoreactive for BDNF. The overall increase in BDNF from the collaborative effects of satellite cells and neuronal cells appears to reach peak expression around 12 dpi ([Fig. 2A](#fig02){ref-type="fig"}). These results suggest that the transient neuronal expression of BDNF in the DRG peaks at day 12 and subsides by day 15 post-induction.

![(A) BDNF immunoreactivity in rat DRG. Images shown depict BDNF label (red) co-localized with NeuN (green) in active EAE, active control and naïve animals. 10 μm sections of DRG were stained with BDNF (R&D Systems Inc.). Marked elevations in BDNF labelling were noted in the active EAE animal group at day 12 relative to all other treatment groups. Images were taken at a total magnification of 10× and were exposed for 810 msec. Bar = 50 μm; Dpi = days post-induction of EAE. (B) Percentage of BDNF positive (+) sensory DRG neurons compared to total neurons found within some groups at the various experimental time points. Significantly increased proportions of BDNF+ sensory neurons were identified in the active EAE group which peaks at 12 dpi. (\*\**P* \< 0.005; \**P* \< 0.05, ANOVA followed by Student's *t-*test). (C) Analysis of size of the BDNF positive neurons in DRG. Analysis of the size of BDNF+ neurons obtained from the active EAE group reveals a change in the cell size distribution from small to predominantly medium diameter (\<30 μm) sensory neurons which corresponds to C and Aγ fibres, respectively. (\**P* \< 0.05, \*\*\**P* \< 0.001, ANOVA with Tukey's post test, Student's *t-*test was used to assess differences between the means). NC: naïve control; AC: active control; 9, 12 and 15 stand for rat killed date. (D) Comparison of BDNF positive neurons in different area of DRG. Analysis of the size and location of BDNF+ neurons obtained from the active EAE group reveals there are more BDNF+ neurons with lager size in different area from NC group.](jcmm0016-1856-f2){#fig02}

A double blind analysis of the EAE group relative to the two control groups showed that the percentage of DRG neurons identified as BDNF positive significantly increased from 9 dpi (19.0% ± 5.0%) to a relative peak 12 dpi (42% ± 3.0%; *P* = 0.0169), and decreased again at 15 dpi (27.0% ± 3.0%) ([Fig. 2B](#fig02){ref-type="fig"}). However, the same increase in neuronal expression of BDNF was not seen in either of the control groups. In NC DRG only 11.2% ± 2.1% of neurons were identified as BDNF positive. In AC controls the percentage of BDNF positive cells did not significantly change between days 9, 12 and 15 post-induction (15.5 ± 3.4, 15.0 ± 3.0, 11.0 ± 2.5, respectively). EAE DRG had significantly more BDNF positive neurons compared to AC DRG at both 12 and 15 dpi (*P* = 0.0031 and 0.0149, respectively).

A sub-analysis of the BDNF positive neurons identified significant changes in cell sizes across the three groups ([Fig. 2C](#fig02){ref-type="fig"}). The mean cell size of BDNF positive neurons in AC9 DRG is significantly larger than in NC DRG (31.93 ± 5.50 μm compared to 26.55 ± 3.82 μm; *P* \< 0.0001). There is no significant difference in mean cell sizes between any of the AC DRG at 9, 12 or 15 dpi (31.93 ± 5.50, 31.46 ± 6.65 and 28.83 ± 6.47 μm, respectively). The cell sizes are significantly larger in EAE DRG compared to AC DRG at all time points assayed (34.97 ± 7.79, 40.05 ± 8.96 and 35.09 ± 7.01 μm at 9, 12 and 15 dpi, respectively). Thus, by 9 dpi, the mean BDNF positive cell size is significantly increased in EAE animals compared to AC animals (*P* = 0.0091). At 12 dpi, the mean cell sizes are highly significantly different between EAE and AC animals (*P* = 0.0001). At 15 dpi, the mean BDNF positive cell sizes are also highly significantly different (*P* = 0.0001). In order to assess potential changes in cell type expressing BDNF, we compared the location of BDNF positive cells in NC DRG to those in the DRG of EAE 12. We found in EAE 12 DRG that BDNF was expressed by small to medium DRG neurons in similar stereological locations to the BDNF positive cells in the NC DRG. In addition, we also saw BDNF expression in medium to large size neurons located in different regions from those seen in the NC DRG ([Fig. 2D](#fig02){ref-type="fig"}). Our results show that there are more BDNF expressing medium size neurons in the EAE DRG than in the NC group.

Thus, these data reveal a change in the cell type expressing BDNF, from predominantly small neurons (\<30 μm), to predominantly medium diameter sensory neurons (30--50 μm). This corresponds to C and Aγ fibres, respectively.

Enzyme-linked immunosorbent assay analysis of BDNF protein expression in the lumbar DRG
---------------------------------------------------------------------------------------

The values for the BDNF expression in the lumbar DRG are presented as the absolute quantity of BDNF per μg of total protein. Levels in NC DRG were 0.599 ± 0.044 pg/μg total protein. AC DRG levels of BDNF were significantly higher (*P* = 0.0004) at 0.915 ± 0.012, 0.951 ± 0.089 and 1.014 ± 0.023 pg/μg total protein for 9, 12 and 15 dpi, respectively. BDNF levels in day 9 EAE DRG were not significantly different from AC 9 dpi at 1.007 ± 0.053 pg/μg total protein, nor were BDNF levels in day 15 EAE DRG different from AC 15 dpi (1.073 ± 0.022 pg/μg total protein). However, at 12 dpi in the EAE DRG, BDNF levels were significantly increased compared to AC day 12 DRG, at 1.371 ± 0.039 pg/μg total protein compared to 0.951 ± 0.089 pg/μg total protein (*P* = 0.0049), see [Figure 3A](#fig03){ref-type="fig"}.

BDNF gene expression analysis in the DRG
----------------------------------------

Real time reverse transcription polymerase chain reaction analysis was conducted on DRG from all lumbar, thoracic and cervical regions of the spinal column from the three experimental groups, at the pre-determined experimental time points. The BDNF mRNA expression was assessed in parallel with that of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The mRNA expression for BDNF within the DRG obtained from the three experimental groups revealed peak expression in the EAE group at 12 dpi compared to all other experimental groups ([Fig. 3B](#fig03){ref-type="fig"}). Specifically, mRNA in EAE 12 dpi is significantly higher than other groups (NC and AC) (*P* = 0.0493).

![(A) ELISA quantification of BDNF expression in the DRG. BDNF expression in the lumbar DRG was quantified using ELISA. Rats induced to a state of EAE show significantly increased BDNF expression compared to NC animals (\*\**P* \< 0.005; \*\*\**P* \< 0.001, ANOVA followed by Student's *t-*test). Results are shown as pg/ml BDNF/μg total protein. (B) Real-time PCR results of BDNF expression within DRG. The BDNF mRNA expression of DRG for animals of the active EAE group (red bars), killed at day 12 is significantly higher than other groups (naïve control (blue bar) and active control (green bars)) (\**P* = 0.049) with a one way ANOVA and Tukey's post test based on two factors (day and group) using software SPSS 16.0.](jcmm0016-1856-f3){#fig03}

BDNF protein and gene expression in the spinal cord
---------------------------------------------------

Immunohistochemical analysis for BDNF protein expression in the spinal cord reveals marked increases in immunoreactivity in the dorsal horn of the active EAE spinal cord at 12 dpi, compared to AC and NC animals ([Fig. 4A](#fig04){ref-type="fig"}). The increased levels of BDNF immunoreactivity in AC animals relative to the NC is expected as there is a significant immune response resulting from the Freund's adjuvant, MT and PT injections.

![(A) BDNF immunoreactivity in spinal cord. Comparative IHC analysis of 10 μm sections of spinal cord showed markedly increased BDNF immunoreactivity at active EAE 12 dpi relative to active control. Active control spinal cord also shows increased BDNF immunoreactivity at 12 dpi, however, by 15 dpi, immunoreactivity is markedly reduced compared to active EAE spinal cord. Reticulocyte staining shows clearly in the dura of the active EAE spinal cord (arrow head). All images were taken at a total magnification of 100× and were exposed for 764 msec. with BDNF positive cells brightly labelled with red. Bar = 100 μm. (B) ELISA quantification of BDNF expression in the spinal cord. BDNF expression in the lumbar DRG was quantified using ELISA. Rats induced to a state of EAE show significantly increased BDNF expression compared to NC animals (\**P* \< 0.05). Results are shown as pg/ml BDNF/μg total protein. (C) Real-time PCR results of BDNF expression within spinal cord. The BDNF mRNA expression of spinal cord for animals of the active EAE group (grey bars), at 12 dpi, is higher than other groups with an increasing trend (naïve control (white bar) and active control (black bars)) (\**P* \> 0.05) with a one way ANOVA and Tukey's post test based on two factors (day and group) using software SPSS 16.0.](jcmm0016-1856-f4){#fig04}

ELISA analysis of BDNF expression was conducted on spinal cord of animals at 9, 12 and 15 dpi. NC spinal cord contained 0.63 ± 0.06 pg/μg total protein. AC rats at 9, 12 and 15 dpi showed a significantly increased level of BDNF compared to NC at 0.92 ± 0.012, 0.97 ± 0.056, 1.01 ± 0.023 pg/μg total protein, respectively (*P* \> 0.01) ([Fig. 4B](#fig04){ref-type="fig"}). Experimental autoimmune encephalomyelitis animals showed a significant increase (*P* = 0.0195) in BDNF expression in the caudal spinal cord at 12 dpi at 1.41 ± 0.016 pg/μg total protein compared to days 9 and 12 at 0.01 ± 0.05 and 1.07 ± 0.02 pg/μg total protein, respectively ([Fig. 4B](#fig04){ref-type="fig"}).

The qRT-PCR analysis of gene expression changes revealed no significant differences in BDNF mRNA in the spinal cord of any of the groups across all time points studied ([Fig. 4C](#fig04){ref-type="fig"}).

BDNF protein expression in the dorsal roots
-------------------------------------------

Based on our model of MS induction \[[@b20]\], we hypothesized that BDNF expression is induced in the DRG and translocated to the dorsal horn along the dorsal roots. To test our hypothesis we assessed the presence of BDNF in the dorsal root in the EAE animals. We show markedly increased BDNF immunoreactivity in the dorsal roots of active EAE animals compared to NC ([Fig. 4A](#fig04){ref-type="fig"}). Several previous studies have shown that BDNF is anterogradely transported in vesicles, from the neuronal cell body along the axon to the synapse \[[@b27], [@b28]\]. Vesicles are moved around in the cell along the cytoskeleton, controlled by motor proteins, the kinesin and dynein protein families \[[@b29]\]. Kinesin has been shown to regulate the anterograde transport of BDNF from the neuronal cell body to the synapse \[[@b30], [@b31]\]. We demonstrate anterograde transport of BDNF along the dorsal roots, using co-localization of BDNF with the motor protein kinesin \[[@b30]\]. Kinesin-BDNF double immunohistochemistry showed co-localization of the two proteins throughout the dorsal root, and dorsal root entry zone which indicates that BDNF is anterogradely transported to dorsal horn from DRG ([Fig. 5B](#fig05){ref-type="fig"}).

![(A) BDNF immunoreactivity in the dorsal roots. Representative sections of dorsal root entry zones from the lumbar spinal cord of Lewis rats induced to a state of EAE. A marked increase in BDNF immunoreactivity (red) is seen in the dorsal roots of active EAE compared to active control animals and NC animals. *Panel i*---Naïve animals have no BDNF immunoreactivity in the dorsal roots (DR). *Panel ii*---Active control animals have noticeable BDNF immunoreactivity in the satellite cells of the DR, and in the grey matter of the dorsal horn. *Panel iii*---Active EAE animals appear to have increased levels of BDNF immunoreactivity in the satellite cells of the DR, as identified as small brightly stained cell surrounding the axons of the root. In addition, there is a marked increase in punctuate staining in the length of the roots. Further, the grey matter of the dorsal horn has a markedly increased immunoreactivity compared to the active control animals. DR = Dorsal root; SC = spinal cord. Bar = 10 μm. *Panel iv*---BDNF expression (red) is associated with neurons (labelled with Neuron-specific class III beta-tubulin (Tuj1) -- green) in both the DR, and the dorsal horn. Bar = 10 μm (B) Anterograde transport of BDNF along the dorsal root is mediated by kinesin. Double immunolabelling of frozen sections of EAE spinal cord shows BDNF (red) co-localized to the motor protein kinesin (green) (arrow). Kinesin is distributed throughout the dorsal root (DR) and spinal cord (SC). BDNF immunoreactivity is markedly higher in the dorsal root entry zone than the root. Co-labelling shows as yellow. Bar = 10 μm.](jcmm0016-1856-f5){#fig05}

Discussion
==========

The current study was designed to test our hypothesis that BDNF expression is up-regulated in the DRG and spinal cord in the EAE model of MS. We used MBP to induce EAE in Lewis rat as our research was focussed on the early antigenic induction of inflammation rather than the chronic demyelination aspects of the disease \[[@b32]\]. In this study we show a direct correlation between antigenic immune activation and increased expression of BDNF, at both the gene and protein level within DRG, which peaks at 12 dpi in correlation with peak neurological disability \[[@b20]\]. Further, we show peak BDNF levels in spinal cord at day 12, with maintenance of increased levels at day 15, in contrast to DRG levels which return to normal by day 15. Our results indicate that medium sized sensory neurons of the DRG represent the principle source of BDNF production, and that this BDNF is anterogradely transported from DRG along the roots to the dorsal horn.

The death of oligodendrocytes and subsequent demyelination of the brain and spinal cord, which characterize MS, occur as a direct result of T-cell activation \[[@b3]\]. We have previously shown activation of DRG neurons in the inflammatory stage of EAE, with increased expression of the pro-inflammatory cytokine TNF-α \[[@b20]\]. This lead to the hypothesis that DRG neurons are a primary source of inflammatory mediators in the very early stages of neuroinflammatory disorders such as MS \[[@b20]\]. Although the exact molecular events underlying the pathophysiology of MS remain unclear, immunomodulatory therapies have proven effective for some MS patients \[[@b5]\]. One such therapy is GA \[[@b33]\]. Although the mechanism of action of GA is unknown, studies have shown that GA-active T-cells produce a significantly increased level of BDNF, which is directly neuroprotective and/or neuroregenerative \[[@b19], [@b34]\]. Although GA-specific Th1, Th2 and Th0 cells are all involved in BDNF production, larger *in vitro* studies have suggested that Th2 cells play a predominant role in GA modulation of RRMS \[[@b19], [@b35]\]. Further evidence of a role for BDNF in MS comes from a study showing that BDNF treatment has a beneficial effect on disease progression in EAE \[[@b36], [@b37]\]. Thus, BDNF may play a significant role in the induction and progression of neuronal and oligodendrocyte damage. Our study provides evidence that BDNF expression is up-regulated in the early inflammatory stage of neuroinflammation. In addition, we show that BDNF levels are maintained in the spinal cord after amelioration of neurological symptoms, suggesting a role for BDNF in the prevention of immediate cell damage resulting from the initial inflammation. Further longitudinal studies are required to clarify the role of BDNF in neuroprotection in the later, demyelinating stages of disease progression.

In order to characterize the specific cellular source of the BDNF protein, we used cell soma size to identify the sensory neuron subtypes present in the DRG. Our results show that medium diameter (30--50 μm: Aγ) sensory neurons appear to be the predominant source of BDNF in the EAE DRG. Further, it appears that the specific location of the BDNF positive cells, indicates that the cellular source of BDNF in the EAE DRG is changing from the small C fibres, to the medium Aγ fibres. Based on Aoki's paper in 2004, the neurons on the outer edge of the DRG are the small NGF dependent (substance P and calcitonin gene related pepride expressing) nociceptive neurons, which are critical for inflammatory hyperalgesia \[[@b38]\]. This cellular source differs from the source of TNF-α in the EAE DRG, which is predominantly produced by small diameter (\<30 μm: C) neurons \[[@b20]\]. Interestingly, BDNF enhances the excitability of small diameter neurons, and potentiates their action potential firing, *via* p75^NTR^ signalling \[[@b39]\]. A study using complete Freund's adjuvant injection into the rat paw to initiate a pain response showed TrkB, the high affinity BDNF receptor, expression in medium to large sensory neurons of the lumbar DRG, and expression of the low affinity BDNF receptor, p75^NTR^ in the small diameter neurons \[[@b39]\]. Further, microglia activated by peripheral nerve injury secrete high levels of BDNF which subsequently results in the development of neuropathic pain \[[@b40]\]. Further studies are required to identify the BDNF responsive cells in the DRG of the EAE model.

Neurotrophins and cytokines interact to co-regulate their expression in inflammatory states \[[@b41], [@b42]\]. For example, TNF-α induces the expression of BDNF expression in astrocytes and neurons \[[@b41], [@b42]\]. Based on our established model \[[@b20]\], we hypothesize that BDNF works in concert with cytokines such as TNF-α and other neurotrophins, such as NGF, to regulate cellular effects on myelin \[[@b41], [@b43]\]. The current study, in conjunction with our previously published studies \[[@b20], [@b22]\], provides support for the importance of cytokine--neurotrophin interactions in the induction of neuroinflammatory disorders.

Anterograde and retrograde transport of neurotrophins are known to occur between the DRG and spinal cord \[[@b44]\]. We show evidence for the active transport of BDNF from the DRG to the dorsal root entry zone, *via* kinesin-mediated anterograde transport. Kinesin is a dimeric molecule that attaches to protein filled vesicles, and walks towards the plus end of a microtubule, transporting the proteins to the synapse. This form of transport is known as anterograde transport. Vesicular transport is the fastest mechanism of transporting proteins at 50--400 mm/day compared to the slower transport of proteins, at less than 8 mm/day \[[@b29]\]. This provides a plausible explanation for the increase in BDNF protein seen in the dorsal horn, even though levels of *BDNF* mRNA are not increased. This corroborates previous studies showing anterograde transport of BDNF along microtubules *via* transport vesicles \[[@b45]\]. Our results are also consistent with other studies that have shown transport of TNF-α and BDNF in rodent models of nerve injury \[[@b22], [@b44]\].

As BDNF is known to affect myelin function \[[@b46]\], it is possible that DRG-derived BDNF contributes to the recovery of the inflammatory damage to myelin that has been shown in previous studies \[[@b6]\]. This potential mechanism of disease induction expands the potential for targeted strategies aimed at attenuating white matter disorders such as MS. One caveat to this therapeutic strategy is the potential for the development of pain, as previous studies have shown that elevated BDNF in the dorsal horn correlates with the development of pain \[[@b47]\]. In addition, we have shown the induction of pain in this model of neuroinflammation, associated with the peak neurological disability (MacNeil, Begum *et al.*, unpublished observations).

Summary
=======

Our study offers new insights into the role of the DRG-derived BDNF in the inflammatory response preceding myelin damage in the early stages of MS. We demonstrate significantly increased BDNF gene and protein levels in the DRG correlating with peak neurological disability. In addition, we show increased BDNF protein levels in the dorsal horn without an increase in mRNA levels, which suggests that BDNF is transported into, rather than synthesized in, the dorsal horn. We show that medium diameter DRG sensory neurons are an important source of BDNF, which is anterogradely transported to the spinal cord during the early stage of autoimmune-induced neuroinflammation. Further, our findings provide support for the immune activation of the DRG as a critical step in the development of myelin disorders of the CNS. This is the first study to identify changes in BDNF expression and transport in the early inflammatory stages of neuroimmune induction.
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